1 0 0 showed significant differences in primary root symptoms after controlled inoculation (Ye et al., 1 0 1 2013). Fusarium graminearum infection in maize stalks induces production of specialized 1 0 2 metabolites with antifungal activities (Huffaker et al., 2011; Schmelz et al., 2011) . Additionally, 1 0 3 comparative and correlative studies have identified constitutive phytoanticipins that were 1 0 4 associated with F. graminearum resistance. For example, an F. graminearum-resistant NIL was 1 0 5 found to accumulate significantly higher phenolic acids in its seedling roots compared to 1 0 6 susceptible relatives. Interestingly, these differences disappear after F. graminearum infection, 1 0 7 primarily due to fungus-induced reduction of defenses in the resistant NILs (Ye et al., 2013) . The 1 0 8 same compounds also have been identified as metabolites related to F. graminearum resistance 1 0 9 in other crop species, and were shown to inhibit fungal growth in vitro (Bollina et al., 2010;  1 1 0 Ponts et al., 2011) . Taken together, these studies indicate that specialized metabolites in maize 1 1 1 seedling roots play a significant role in resistance against F. graminearum.
2
Here we describe a comparative metabolomics approach using maize inbred lines B73 mock-or fungus-inoculated in two independent experiments for root length measurement. In two 1 4 0 other experiments, seven B73 and Mo17 seedlings were inoculated as described above, root 1 4 1 length was measured, and tissue was harvested for further analysis. was measured using a previously published protocol (Lou et al., 2016) . The primers used for 1 4 5 qRT-PCR detection of F. graminearum are FgTub-qF293 (5'-ATGCTTCCAACAACTATGCT-1 4 6 3') and FgTub-qR411 (5'-AACTAGGAAACCCTGGAGAC-3'), which were designed based on 1 4 7 the F. graminearum strain PH-1 reference genome sequence (Cuomo et al., 2007) . Fungal gene 1 4 8 0 relied on the native parent [M-H]ion m/z 777 and m/z 819, and stable average retention times of 2 8 2 12.76 min and 13.94 min, respectively. Both analytes displayed split peaks and for consistency 2 8 3 both peaks where integrated and combined for the final analyses.
8 4
Ergosterol assays. For ergosterol measurements, F. graminearum-treated seedlings were 2 8 5 transplanted into pots of twice-autoclaved TX360 Metro Mix and grown for 3 weeks, at which 2 8 6 point roots were harvested into liquid nitrogen and stored at -80°C. Ergosterol was analyzed as 2 8 7 described previously (Christensen et al., 2014) . with the following modifications: roots were 2 8 8 crushed and placed in scintillation vials each with 10 ml of chloroform:methanol (2:1 v/v) 2 8 9 (99.8%) followed by incubation in darkness overnight at room temperature. One ml of extract 2 9 0 from each vial was syringe-filtered through 0.45 µm cellulose acetate membrane filters, and 50 2 9 1 µl of filtrate was added to 50 µL of 10 µM C13-labeled cholesterol (cholesterol-25,26,27-13C; 2 9 2 Sigma) in methanol as internal standard. Ergosterol was quantified using an Ascentis Express C-2 9 3 18 column (3 cm × 2.1 mm, 2.7 µm) connected to an API 3200 LC/MS/MS with atmospheric 2 9 4 photochemical ionization. The injection volume was 5 µl and the isocratic mobile phase 2 9 5 consisted of acetonitrile at a flow rate of 300 µl/min.
9 6
Data analysis. All t-tests were performed with the ttest function implemented in Microsoft 2 9 7
Excel. ANOVA and Wilcoxon rank sum tests were performed in R. Linear discriminant analysis 2 9 8 was performed with the SAS software. due to the availability of genetic resources that included recombinant inbred lines (RILs) and 3 1 1 near-isogenic lines (NILs) (Lee et al., 2002; Eichten et al., 2011) . The higher fungal resistance of 3 1 2 1 Mo17 was confirmed by lower expression of FgTUB, a F. graminearum-specific tubulin gene, 3 1 3 lower levels of deoxynivalenol, a mycotoxin produced by F. graminearum, and fewer visible 3 1 4 necrotic symptoms in the roots ( Fig. 2a -c).
1 5
We hypothesized that the contrasting F. graminearum resistance in B73 and Mo17 3 1 6 seedling roots could be attributed to differences in their constitutive and/or inducible biochemical 3 1 7 defenses. Therefore, we performed a non-targeted comparative metabolomic analysis of B73 and 3 1 8
Mo17 seedling roots, with and without F. graminearum inoculation. Consistent with the 3 1 9 difference in F. graminearum-induced root growth reduction between these two inbred lines, we 3 2 0 observed that more than three hundred mass features were significantly altered by F. To identify specific metabolites that could contribute to the contrasting F. graminearum 3 2 6 resistance levels in B73 and Mo17, a separate non-targeted metabolomic experiment was 3 2 7 performed to compare the constitutive metabolomes of B73 and Mo17 seedling roots, as well as 3 2 8 mock-and F. graminearum-inoculated B73 seedling roots. This identified forty mass features 3 2 9 that were both significantly affected by F. graminearum in the susceptible B73 seedling roots 3 3 0 and constitutively different between B73 and Mo17 seedling roots (Table S1 -3). Among these 3 3 1 forty mass features, several represented specialized metabolites with known antifungal activity, 3 3 2 including benzoxazinoids and phenylpropanoids (Bollina et al., 2010; Ponts et al., 2011; Kazan 
4
Two mass features with mass-to-charge ratio (m/z) of 819.2321 and 777.2221 under 3 3 5 negative electron spray ionization (ESI) mode, eluting at 6.11 and 5.61 minutes, respectively, 3 3 6
were significantly more abundant after F. graminearum infection of both B73 and Mo17 3 3 7 seedling roots. In all samples, the m/z 819 metabolite was much more abundant than the m/z 777 3 3 8 metabolite ( Fig. 3a,b ). B73 contains significantly more of the m/z 819 metabolite than Mo17, 3 3 9 both constitutively and after F. graminearum induction (Fig. 3a) . In contrast, the m/z 777 3 4 0 metabolite was more abundant in Mo17 under both conditions (Fig. 3b ).
4 1
The m/z 819 metabolite was identified as 3,6-diferuloyl-2′,3′,6′-triacetylsucrose ( Fig. 3d ), 3 4 2 based on its phenylpropanoid-like UV absorbance profiles ( Fig. S2 ), tandem mass spectrometry 3 4 3 (MS/MS; Fig. S2 ), and nuclear magnetic resonance (NMR) spectroscopy (HSQC, HMBC, and 3 4 4 dqfCOSY spectra; Table S4 ). Based on the MS/MS data and difference in exact mass, the m/z 3 4 5 777 metabolite was predicted to have one fewer acetyl group. This was confirmed by one 3 4 6 dimensional proton NMR, which showed that the C2′ acetyl group was absent, and the 3 4 7 compound was 3,6 diferuloyl-3′,6′-diacetylsucrose ( Fig. 3e ). These two metabolites were 3 4 8 previously identified as smilaside A (3,6 diferuloyl-3′,6′-diacetylsucrose) in Smilax china (Kuo 3 4 9 et al., 2005; Cho et al., 2015) and smiglaside C (3,6-diferuloyl-2′,3′,6′-triacetylsucrose) in Smilax Chen et al., 2000) .
5 1
In addition to smilaside A and smiglaside C, other maize compounds co-elute with a UV-3 5 2 absorbance peak at 328 nanometers, characteristic of a phenylpropanoid moiety. These include 3 5 3 likely structural isomers of smilaside A and smiglaside C, with identical m/z ratio and different 3 5 4 retention times, as well as possible monoacetylated (m/z 735.21) and tetraacetylated (m/z 861.24) 3 5 5 diferuloylsucroses ( Fig. S3 ). However, the structures of these other maize metabolites were not 3 5 6 confirmed, and their functions have not been investigated in this study. Notably, non-acetylated 3 5 7 diferuloylsucrose (expected m/z ratio = 693.21 in negative ESI mode) was not detected.
5 8
The structural resemblance of smilaside A and smiglaside C suggested that they could be 3 5 9 the substrate and product of an acetylation reaction, respectively. This acetylation is actively 3 6 0 regulated in response to fungal infection, with F. graminearum infection inducing a significant 3 6 1 increase in the smilaside A/smiglaside C ratio only in the resistant Mo17 seedlings, but not in the 3 6 2 susceptible B73 ones ( Fig. 3c ). This induced response suggested that smiglaside C and/or 3 6 3 smilaside A play a role in maize biochemical defense against F. graminearum. In vitro fungal 3 6 4 growth inhibition assays were conducted in liquid suspension culture using smiglaside C and 3 6 5 smilaside A concentrations similar to those found in maize seedlings ( Fig. S4 ). Although it was 3 6 6 tested at a lower concentration, smilaside A showed a more significant inhibition of F.
6 7
graminearum growth in vitro than smiglaside C (Fig. 3f ). This was consistent with our earlier The constitutive difference in smilaside A and smiglaside C abundance between B73 and Mo17 3 7 5 seedling roots allowed us to investigate the genetic control of this natural variation. Composite 3 7 6 interval mapping with seedling roots of 83 recombinant inbred lines (RILs) from the intermated 3 7 7 B73 x Mo17 (IBM) population (Lee et al., 2002; Wang, 2012) , together with the two parental 3 7 8 lines, showed that the most significant QTL for both metabolites is located at the same position 3 7 9 on chromosome 3 ( Fig. 4a ). In version 2 of the B73 reference genome (Refgen v2), this locus reaction, we hypothesize the mapped QTL regulates the efficiency of this reaction. We identified 3 8 5 the same locus when mapping the smilaside A/smiglaside C ratio as a quantitative trait, with the 3 8 6 B73 allele reducing the smilaside A/smiglaside C ratio ( Fig. S5 ).
8 7
To further confirm the role of the QTL in regulating the relative abundance of smiglaside 3 8 8 C and smilaside A, we quantified the metabolites in B73-Mo17 near-isogenic lines (NILs) with 3 8 9 reciprocal introgressions at this locus (Eichten et al., 2011) . Consistent with the RIL results, the 3 9 0 smilaside A/smiglaside C ratio showed clear co-segregation with the genetic markers at the 3 9 1 chromosome 3 QTL, with the NILs carrying the B73 allele having a lower ratio, irrespective of 3 9 2 their genetic background ( Fig. 4d ). A significant difference between NILs carrying either allele 3 9 3 was also observed for smilaside A but not smiglaside C (p = 0.075; Fig. S6 ). Furthermore, due to 3 9 4 additional recombination breakpoints and denser genetic marker data available for the NILs, we 3 9 5 narrowed down the QTL region to about 630 kbp, containing 22 predicted gene models.
9 6
Natural variation in metabolic traits is often caused by cis polymorphisms in metabolic 3 9 7 enzyme-encoding genes (Meihls et al., 2013; Yan et al., 2015; Handrick et al., 2016) . However, 3 9 8 we found no predicted acetyltransferase genes within our QTL interval. Moreover, by plotting 3 9 9 the distribution of smiglaside C and smilaside A across the IBM RILs, we found an overall 4 0 0 positive correlation between these two metabolites ( Fig. 5a ), which contradicted the hypothesis that the 83 RILs can be divided by linear discriminant analysis into a B73-like group with lower 4 0 4 smilaside A/smiglaside C ratios, and a Mo17-like group with higher ratios (Fig. 5a ). We 4 0 5 hypothesized that this phenotypic difference could be attributed to transcriptional regulation, 4 0 6 which would differ between the IBM RILs belonging to either phenotypic group. We therefore 4 0 7 performed whole transcriptome profiling on the seedling root samples that were used for 4 0 8 metabolite quantification. This whole-genome analysis showed that the genes with the most 4 0 9 significant differential expression between the two phenotypic groups are located in the 4 1 0 identified QTL region on chromosome 3 ( Fig. 5b,c ; Table S5 ). Specifically, the gene showing 4 1 1 the most significantly different expression was a positive regulator of ethylene signaling in 4 1 2 maize, ZmEIN2 (ETHYLENE INSENSITIVE 2; GRMZM2G068217), which was expressed at a 4 1 3 higher level in the seedling roots of RILs with a B73-like abundance of smiglaside C and 4 1 4 smilaside A (Fig. 5d ). This leads to the hypothesis that ZmEIN2, and hence ethylene signaling, is 4 1 5 a negative regulator of smilaside A/smiglaside C ratio. No ZmEIN2 mutation is available in public maize transposon insertion collections. Instead, we 4 2 0 manipulated ethylene response in vivo with a gaseous competitive inhibitor, 1-4 2 1 methylcyclopropene (1-MCP), and a biochemical precursor of ethylene production in plant, 1-4 2 2 aminocyclopropane-1-carboxylic acid (1-ACC). Effects of these treatments were confirmed by 4 2 3 contrasting seedling growth rate in these groups (Fig. S7 ). Consistent with the genetic mapping 4 2 4 results, 1-MCP treatment (and hence lower ZmEIN2 availability) led to hyper-accumulation of 4 2 5 smilaside A and an elevated smilaside A/smiglaside C ratio ( Fig. 6a,c) . Unexpectedly, smiglaside 4 2 6 C abundance was also significantly increased by 1-MCP treatment ( Fig. 6b ). Both smilaside A 4 2 7
and smiglaside C were induced by 1-ACC treatment, but their ratio was not significantly affected 4 2 8 ZmACS genes. Constitutively, there were significantly lower amounts of both smilaside A and 4 3 7 smiglaside C in the roots of Zmacs2-1 Zmacs6 compared to wildtype B73. After 1-ACC 4 3 8 treatment, both metabolites were increased in wildtype B73, and were restored to wildtype levels 4 3 9
in Zmacs2-1 Zmacs6 (Fig. 7a,b ). In Zmacs2-1 Zmacs6, the smilaside A/smiglaside C ratio was 4 4 0 significantly lower than in wildtype B73. However, consistent with results from the previous 4 4 1 experiment, 1-ACC treatment did not affect this ratio in either genetic background (Fig. 7c ).
2
To investigate how ethylene production and sensitivity can affect maize seedling defense In addition to maize, acetylated feruloylsucroses may have defensive properties in other plant 4 6 8 species. These compounds were first identified in the rhizomes of S. china and S. glabra, which 4 6 9 are used in traditional Chinese medicine (Chen et al., 2000; Kuo et al., 2005) . Similar 4 7 0 phenylpropanoid sucrose esters, with different numbers and types of phenylpropanoid groups 4 7 1 attached, were later found in various Liliaceae and Polygonaceae species. Crude plant extracts 4 7 2 containing these compounds, and in some cases purified compounds, have shown anticancer and 4 7 3 antioxidant activities in vitro (Zhu et al., 2006; Ono et al., 2007; Yan et al., 2008; Zhang et al., 4 7 4 2008; Kim et al., 2010) . Building on these promising in vitro bioactivities, organic synthesis 4 7 5 routes to produce natural phenylpropanoid sucrose esters and structural analogs have been 4 7 6 developed with moderate yield and selectivity (Panda et al., 2012a; Panda et al., 2012b) . More 4 7 7 recently, acetylated feruloylsucroses and other phenylpropanoid sucrose esters were found in rice 4 7 8 (Chen et al., 2014; Cho et al., 2015) .
7 9
Our discovery of smilaside A and smiglaside C in maize will facilitate the in planta manipulative experiments in this study ( Fig. 3 , 6, and 7), suggesting that this ratio, rather than 4 8 8 the absolute abundance of these two compounds, may be more important for resistance against F. 2009). In the current study, we observed that maize seedlings with lower ethylene sensitivity, 4 9 7 either due to genetically-encoded polymorphism in ZmEIN2 expression or artificial treatment 4 9 8 with a competitive inhibitor, are more resistant to F. graminearum and accumulated the more 4 9 9 bioactive smilaside A ( Fig. 3 and 6 ). However, exogenous ethylene supplementation in the form 5 0 0 of 1-ACC did not promote F. graminearum susceptibility in maize seedling roots. This 5 0 1 inconsistency could arise from differences in tissue type, developmental stage, or the treatment 5 0 2 regime. Together, these results indicate that, above a certain minimal ethylene concentration, 5 0 3 ethylene sensitivity negatively regulates the efficiency of biochemical defense, leading to 5 0 4 contrasting fungal resistance levels.
0 5
In our in vitro assay, we observed that the diacetylated smilaside A caused greater fungal 5 0 6 growth inhibition than the triacetylated smiglaside C (Fig. 3f ). This is perhaps surprising, 5 0 7 because phenylpropanoid sucrose esters with higher degrees of acetylation have generally shown 5 0 8 stronger in vitro bioactivities, though these two specific compounds have not been compared 5 0 9
previously (Panda et al., 2012b; Cho et al., 2015) . Our observations may be explained by a non-5 1 0 linear relationship between the degrees of acetylation and bioactivity. Different structural 5 1 1 isomers also may be relevant for the structure-activity-relationship. Other than the putative 5 1 2 tetraacetylated diferuloylsucrose, all acetylated diferuloylsucroses detected in our LC-MS 5 1 3 analyses showed signs of multiple structural isomers, though there was usually a predominant 5 1 4 one ( Fig. S2 ). How these different isomers could differ in their bioactivities is another question 5 1 5 that requires further investigation.
1 6
Since acetylated feruloylsucroses can be induced by various fungal pathogens in maize, it 5 1 7 would be interesting to assess their crop protection value in vivo under more relevant field 5 1 8 conditions. Simple phenylpropanoids can contribute to disease resistance not only through their 5 1 9 direct antimicrobial activities, but also by playing a critical role in physical fortification of plant 5 2 0 cell walls (Nicholson & Hammerschmidt, 1992) . The importance of cell walls as a physical 5 2 1 barrier against F. graminearum and other fungal pathogens is further highlighted by the 5 2 2 prevalence of genes that are likely to encode cell-wall-degrading enzymes in the genomes of 5 2 3 fungal phytopathogens (Cuomo et al., 2007; Kubicek et al., 2014) . Should acetylated 5 2 4 feruloylsucroses also contribute to the physical strength of plant cell walls, such effects would 5 2 5 not be evident in in vitro assays.
2 6
Although our study has not revealed any enzyme-encoding genes that are directly glucose ring are less clear. We speculate that these enzymes probably belong to the diverse 5 3 7 BAHD acyltransferase family, similar to the acylsugar acyltransferases found in tomatoes (Kim 5 3 8 et al., 2012; Schilmiller et al., 2012) . Our results lead to the prediction that one or more of these 5 3 9
acyltransferases would be positively regulated by ethylene signaling in maize seedling roots. The 5 4 0 exact order of feruloyl esterification and acetylation on the sucrose molecule also remains 5 4 1 unclear. In rice, non-acetylated 3,6 diferuloylsucrose is detected at a very low level in bulk root 5 4 2 extract, suggesting that the acetylation occurs after feruloyl esterification (Cho et al., 2015) .
4 3
However, we did not detect the same compound in our microliter-scale LC-MS analyses of 5 4 4 maize roots 5 4 5
Finally, this study demonstrates the feasibility of combining metabolomics, 5 4 6 transcriptomics and quantitative genetics methods to elucidate regulation of previously unknown 5 4 7 antifungal metabolites in maize. An expansion of this integrative approach to a larger number of 5 4 8 maize inbred lines in a genome-wide association study likely will identify both additional 5 4 9 metabolites and genes involved in their metabolism. Such genes will be useful in future breeding 5 5 0 efforts to enhance the pathogen resistance during maize seedling establishment. B73  B97  CML103  CML228  CML247  CML277  CML322  CML333  CML52  CML69  Hp301  IL14h  Ki11  Ki3  Ky21  M162W  M37W  Mo17  Mo18W  MS71  NC350  NC358  Oh43  Oh7B  P39  Tx303  Tzi8 Figure 6 . Exogenous 1-methylcyclopropane (1-MCP) treatment promotes maize seedling root resistance against F. graminearum. B73 maize seedling roots inoculated with F. graminearum were treated with 1-aminocyclopropane-1-carboxylate (1-ACC), 1-MCP, or water as a control. The abundance of (a) smiglaside C, (b) smilaside A , and (c) the ratio of the two metabolites was calculated from peak area under negative electron spray ionization mode. Mean +/-s.e. of N = 5, different letters indicate significant difference, P < 0.05, ANOVA followed by Tukey's HSD test. (d) B73 maize seedling roots inoculated with F. graminearum-GFP and treated with 1-ACC, 1-MCP, or mock treatment for ten days were examined with white light and fluorescence microscopy. More GFP marker expression from F. graminearum was observed on root surface of mock-and 1-ACC treated seedling roots than on 1-MCP-treated roots. (e) Fungal growth was quantified by qRT-PCR using F. graminearum-specific primers, relative to expression measurement of a maize housekeeping gene. Mean +/-s.e. of N = 8, different letters indicate significant differences, P < 0.05, ANOVA followed by Tukey's HSD test.
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Figure S1. Natural variation in F. graminearum-induced root growth inhibition. (A) Representative photos of ten-day-old B73 maize seedling roots mock-inoculated or inoculated with a F. graminearum spore suspension. Photos were taken at six days post-inoculation. Similar photos were used for total root length measurement. (B) Eight replicates of either mock-or F. graminearum-inoculated B73 seedlings were measured to identify differences between the treatment groups, P < 0.05, Student's t-test. (C) The same assay was expanded to include the 26 parental lines of the nested association mapping population, along with inbred lines Mo17 and W22, to identify natural variation in F. graminearum-induced maize seedling root growth reduction. All but four lines (marked by N.S.) showed significant reduction in root growth six days after F. graminearum inoculation (P < 0.05, two-tailed Student's t-test). Root growth ratios based on these data are shown in Figure 1 . Figure S3 . Predicted feruloylsucrose compounds have characteristic phenylpropanoid-like ultraviolet absorbance profiles. Feruloylsucrose compounds, as predicted by their exact molecular mass, co-elute with UV absorbance peaks with characteristic phenylpropanoid-like absorbance profiles. UV absorbance data collected from a photo diode array detector are filtered to show only peak absorbance at 328 nm, and mass spectrometry data are filtered for the expected molecular masses of predicted feruloyl acetylsucroses (a). Each peak is labeled with its retention time. A characteristic phenylpropanoid-like UV absorbance profile is shown, with peaks at 218 nm and 328 nm, and a shoulder at 300 nm (b). Figure S4 . Standard curve of smiglaside C. Calculated smiglaside C concentrations from five different injection volumes of the same purified compound solution are plotted with their corresponding mass feature peak areas in filled marks. A logarithmic curve was fitted to these data points with a calculated regression co-efficient (R 2 ). The same curve is extended to calculate the in vivo concentrations of smiglaside C (0.1750 mM) and smilaside A (0.1470 mM) based on MS peak areas in an F. graminearum-induced Mo17 seedling root extract. These two peak areas from biological samples and their inferred concentrations are shown in empty circles. 
B73
Zmacs2-1 Zmacs6 Figure S8 . Endogenous ethylene production in root is depleted in the Zmacs2-1 Zmacs6 double mutant maize seedlings. Ethylene produced by root tissues was collected in sealed glass vials for 29 hours and analyzed by gas chromatography. Absolute ethylene content is inferred from peak area measurement from a flame ionization detector. Peaks corresponding to ethylene were not detected (N.D.) in the Zmacs2-1 Zmacs6 samples. Mean+/-s.e. of N = 6. Figure S9 . 1-Aminocyclopropane-1-carboxylic acid and 1-monocyclopropene are not directly toxic to F. graminearum. Fungi were inoculated into the center of potato dextrose agar plates, enclosed in airtight boxes, and colony diameter was measured after five days. 1-ACC was added to the agar at 50 µMconcentration. 1-MCP was released as a volatile using EthylBloc at 5 g/L. Mean +/-s.e., numbers in bars indicate sample sizes, no significant differences P > 0.05, two-tailed Student's t-tests. 8 13 10
